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Abstract
Katanin is a heterodimeric microtubule (MT) severing protein that uses energy from ATP hydrolysis to generate internal
breaks along MTs. Katanin p60, one of the two subunits, possesses ATPase and MT-binding/severing activities, and the
p 80 subunit is responsible for targeting of katanin to certain subcellular locations. In animals, katanin plays an important
role in the release of MTs from their nucleation sites in the centrosome. It is also involved in severing MTs into smaller
fragments which can serve as templates for further polymerization to increase MT number during meiotic and mitotic
spindle assembly. Katanin homologs are present in a wide variety of plant species. The Arabidopsis katanin homolog has
been shown to possess ATP-dependent MT severing activity in vitro and exhibit a punctate localization pattern at the cell
cortex and the perinuclear region. Disruption of katanin functions by genetic mutations causes a delay in the disappearance
of the perinuclear MT array and results in an aberrant organization of cortical MTs in elongating cells. Consequently, katanin
mutations lead to defects in cell elongation, cellulose microfibril deposition, and hormonal responses. Studies of katanin
in plants provide new insights into our understanding of its roles in cellular functions.
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The microtubule (MT) cytoskeleton plays important roles in
diverse cellular processes in plants, such as mitosis, meiosis,
organelle transport, cell morphogenesis, and cellulose microfibril deposition. MTs undergo dynamic reorganizations during
progression of the cell cycle to form four distinct arrays, including
preprophase band, mitotic spindle, phragmoplast, and cortical
MTs (Baskin 2000). In each array, the MTs exhibit dynamic
changes through a treadmilling mechanism in which the plus
end undergoes polymerization-biased dynamic instability and
the minus end displays slow depolymerization (Ehrhardt and
Shaw 2006). It has been shown that new MTs are continuously
polymerized at the nucleation sites and then released and
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translocated to form distinct structures (Ehrhardt and Shaw
2006). Although the mechanism responsible for MT release from
the nucleation sites is not known, a severing activity is likely
involved in freeing the MT minus ends from their attachments
to the nucleation sites. In animals, the katanin MT severing
protein has been shown to be required for the release of MTs
from the nucleation sites in the centrosome (Ahmad et al. 1999;
Karabay et al. 2004). Katanin also severs MTs along their length
and the fragmented MTs can serve as templates for further
MT polymerization, which provides another mechanism for MT
assembly in addition to the γ-tubulin-dependent nucleation
(McNally et al. 2006). Katanin homologs are known to exist
in plants and they have been demonstrated to play essential
roles in cortical MT organization and many MT-regulated cellular
processes (Bichet et al. 2001; Burk et al. 2001; McClinton et al.
2001; Burk and Ye 2002; Stoppin-Mellet et al. 2002; Webb et al.
2002; Bouquin et al. 2003). In this article, we present a review
on studies of the katanin MT severing protein with a focus on its
roles in plants.
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Proteins with MT severing activity were first discovered in
Xenopus egg extracts by Vale (1991). It was proposed that,
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like the disassembly of the actin cytoskeleton that is aided by
proteins that sever filamentous actin, the disassembly of MTs
might also be stimulated by severing proteins (in addition to
their intrinsic dynamic properties, such as dynamic instability).
To identify MT severing activity, Vale (1991) treated taxolstabilized, rhodamine-labeled MTs with extracts from Xenopus eggs that were in the mitotic state. The taxol-stabilized,
fluorescent MTs were first immobilized on the surface of a
glass coverslip. On incubation with the Xenopus egg mitotic
extracts, the MTs were fragmented within minutes, suggesting
that the mitotic extracts contain MT severing activity that can
disassemble MTs along their length. The severing activity was
further proven to involve a protein or proteins because it was
inactivated by trypsin protease or heat treatment of the mitotic
extracts.
After the detection of MT severing activity in Xenopus mitotic extracts, McNally and Vale (1993) set out to purify and
characterize the protein(s) responsible. Using sea urchin egg
extracts as a source, they identified two co-purified polypeptides
with molecular weights of 60 kD (p60) and 80 kD (p80) that are
associated with the MT severing activity. This heterodimeric
protein was shown to able to sever and disassemble taxolstabilized MTs in the presence of ATP (Figure 1A–D), and hence
was named katanin after katana, the Japanese word for samurai
sword. Katanin was further shown to possess ATPase activity
that is stimulated by MTs.

Biochemical Properties of Katanin
The molecular identity and biochemical properties of the two
katanin subunits p60 and p80 were first revealed after the
cloning of their cDNAs from sea urchin (Hartman et al. 1998).
Analysis of their predicted amino acid sequences showed that
katanin p60 belongs to the AAA family of ATPases and p80 is a
WD40-containing protein. Katanin p60 exhibits MT-stimulated
ATPase activity and MT severing activity in the absence of
p80, although its MT severing activity can be stimulated by
p80 (Hartman et al. 1998). It was demonstrated in an elegant
fluorescence resonance energy transfer experiment that katanin
p60 forms oligomers in an ATP- and MT-dependent manner
and the assembly of p60 into oligomers is essential for its
severing activity (Hartman and Vale 1999). Domain mapping
experiments on the human katanin p60 have shown that the
MT binding and severing activity is located at the N-terminal
region of the protein, and the first 29 residues at the Nterminus are required for its association with the p80 subunit
(McNally et al. 2000; Figure 1E). Studies on katanin p80 have
revealed that the WD40 domain is responsible for targeting
of katanin to the centrosome (McNally et al. 1996) and the Cterminal half mediates interaction with p60 (Hartman et al. 1998;
Figure 1F).

Cellular Functions of Katanin in Animals
The role of katanin in MT severing in vivo has been demonstrated in a number of studies. It was shown that in cultured vertebrate neurons, inhibition of katanin functions by microinjection
of its antibodies led to a dramatic accumulation of MTs at the
centrosome, indicating that the activity of katanin is required for
the release of MTs from their nucleation sites in the centrosome
(Ahmad et al. 1999). The same phenomenon was also observed
by expression of dominant negative katanin p60 in rat fibroblasts
and neurons, which resulted in an inhibition of MT release from
the centrosome and an apparent increase in MT length (Karabay
et al. 2004). In addition, transfection of cultured monkey kidney
fibroblasts with dominant negative p60 prevented the redistribution of γ-tubulin from the centrosome to the mitotic spindles
(Buster et al. 2002). Direct proof of MT severing by katanin in
vivo was achieved by overexpression of human katanin p60 in
HeLa cells, which caused abnormal fragmentation of interphase
MTs (McNally et al. 2000). Overexpression of rat katanin p60
in cultured fibroblasts and neurons was also found to result
in increased severing of MTs in vivo (Karabay et al. 2004).
These studies demonstrate that katanin not only functions in
the release of MTs from the nucleation sites but also severs
MTs along their length.
An alteration in katanin activity has been found to cause
various cellular defects. Katanin was shown to be concentrated
at the mitotic and meiotic spindle poles in animal cells (McNally
and Thomas 1998; Srayko et al. 2000). Loss-of-function mutation of the katanin homolog, MEI-1, in C. elegans resulted in
disorganized meiotic spindles and meiotic failure, demonstrating
that katanin is required for meiotic spindle organization (Srayko
et al. 2000). It was shown that the katanin MT severing activity
contributes to an increase in the total amount of MT polymers
during meiotic spindle assembly (McNally et al. 2006; Srayko
et al. 2006). The increased MT number was suggested to be
a result of further polymerization of MT fragments generated
by katanin severing. In addition to its functions in mitosis and
meiosis, katanin plays important roles in animal cell growth.
For example, alteration of katanin functions by expression of
dominant negative p60 or overexpression of wild-type katanin
p60 in cultured rat neurons leads to defective axon growth
(Karabay et al. 2004).

Identification of Katanin Homologs in
Plants
The first plant homolog of katanin p60 was identified and studied
in Arabidopsis thaliana. A number of laboratories simultaneously
investigated the functions of the Arabidopsis katanin p60, which
is identified by various names, including AtKTN1 (Burk et al.
2001), AtKSS (McClinton et al. 2001), ERH3 (Webb et al. 2002),
Atp60 (Stoppin-Mellet et al. 2002), LUE1 (Bouquin et al. 2003),
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Figure 1. Fragmentation of MTs by the katanin MT severing protein.
(A-D) Visualization of MT severing before (A) and after (B to D) incubation of MTs with katanin purified from sea urchin at different time points.
Taxol-stabilized, rhodamine-labeled MTs were immobilized on a glass coverslip and incubated with katanin in the presence of ATP. The same field
of view of MTs was imaged and it is evident that individual MTs were progressively fragmented during incubation. Arrows indicate internal breaks in
MTs. Reproduced from McNally and Vale (1993) with permission from the publisher.
(E) Diagram of the domain organization of katanin p60 subunit.
(F) Diagram of the domain organization of katanin p80 subunit.
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Figure 2. Phylogenetic tree of plant katanin homologs.
The N-terminal sequences containing the putative p80-interacting domain and the MT-binding and severing domain of plant katanin homologs were
aligned using the ClustalW program (http://www.ebi.ac.uk/clustalw/), and the resulting alignment parameters were used to generate the phylogenetic
tree using TREEVIEW (Page 1996). The sequence of the katanin homolog from Populus trichocarpa was retrieved from the DOE Joint Genome
Institute website (http://genome.jgi-psf.org/Poptrl/Poptrl.home.html) and those from other plant species were obtained from the GenBank database
and their accession numbers are shown in parentheses.

and BOTERO1 (Bichet et al. 2001). For simplicity, AtKTN1
is used throughout the text for the Arabidopsis katanin p60.
AtKTN1 consists of 523 amino acid residues with a predicted
molecular mass of 57 kD. It exhibits 43% identity and 56%
similarity to sea urchin katanin p60. Recombinant AtKTN1 was
shown to possess ATP-dependent MT severing activity in vitro,
demonstrating that AtKTN1 is indeed a katanin MT severing
protein (Burk and Ye 2002; Stoppin-Mellet et al. 2002). A BLAST
search of the GenBank database using the MT-binding/severing
domain sequence of AtKTN1 revealed the presence of katanin
homologs in a number of plant species (Figure 2), suggesting
an evolutionary conservation of katanin-mediated MT severing
mechanisms in plants. This notion is supported by a study on
the rice katanin p60 homolog DGL1 (Komorisono et al. 2005).
Although a single gene for katanin p60 exists in the Arabidopsis genome, four katanin p80 homologs (GenBank accession
numbers: AAB71 474, CAC08 339, AAD4 999 and BAB09 559)
were identified (Bouquin et al. 2003). Like sea urchin katanin
p80, the Arabidopsis p80 homologs contain an N-terminal
localized WD40 domain, which might be involved in targeting
of katanin to certain subcellular locations. Except that one of

the Arabidopsis katanin p80 homologs was shown to interact
with AtKTN1 through its C-terminus (Bouquin et al. 2003), their
cellular functions have not been elucidated.

Katanin is Required for the Normal
Organization of Cortical MTs in Plant Cells
The localization of AtKTN1 has been investigated in several
studies. Immunolocalization of AtKTN1 showed its localization in
the perinuclear region and mitotic spindle poles (McClinton et al.
2001), and expression of GFP-tagged AtKTN1 in transgenic
Arabidopsis plants revealed a punctate fluorescence pattern in
elongating cells (Bouqin et al. 2003; Foster et al. 2003). A close
examination of carrot protoplasts transfected with YFP-tagged
AtKTN1 revealed that the punctate fluorescence signals are
located at the cell cortex and appear to form an ordered pattern
resembling that of cortical MTs (Figure 3), suggesting that
AtKTN1 might be colocalized with cortical MTs. The additional
punctate fluorescence signals seen in the cytoplasm are likely
located at the perinuclear region (Figure 3D).
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Figure 3. Subcellular localization of the Arabidopsis katanin AtKTN1.
Yellow fluorescent protein-tagged AtKTN1 was expressed in carrot
protoplasts, and its fluorescence signals were visualized using a laser
confocal microscope.
(A) Differential interference contrast image of a protoplast.
(B) A protoplast expressing YFP alone showing fluorescence signals
throughout the cytoplasm and the nucleus.
(C, D) Surface (C) and mid-plane (D) views of a protoplast expressing
AtKTN1-YFP, showing a punctate pattern of fluorescence signals in the
cell cortex. Note that the ordered arrangement of fluorescence signals
(C) resembles that of cortical MTs.

Mutations of the Arabidopsis AtKTN1 gene in the
fra2/Bot1/leu1 mutants or of the rice katanin homolog DGL1
gene have been shown to result in disorganization of cortical
MTs in elongating cells (Bichet et al. 2001; Burk et al. 2001;
Burk et al. 2002; Bouquin et al. 2003; Komorisono et al. 2005).
Many cortical MTs appear to converge at some common sites
in the cortical region of fra2 mutant cells (Burk and Ye 2002).
Because the nucleation sites for cortical MTs are known to be
located at the cell cortex (Ehrhardt and Shaw 2006; Hashimoto
and Kato 2006), the observed MT converging sites at the cortical
region may be nucleation sites of cortical MTs and the fra2
mutation may cause a delay in the release of MTs from these
sites. In addition to the aberrant organization of cortical MTs, the
fra2 mutation also caused a delay in the disappearance of the
perinuclear MT array in cells exited from cell division (Burk et al.
2001). In contrast to the roles of katanin in mitosis and meiosis in
animals, AtKTN1 appears not to affect MT reorganization during
mitosis and cytokinesis (Burk et al. 2001).

It was shown that in animal cells, katanin not only functions
in the release of MTs from the nucleation sites but also severs
MTs along their length. To investigate whether AtKTN1 can
sever MTs along their length in vivo, we overexpressed the
full-length AtKTN1 cDNA driven by the cauliflower mosaic
virus 35S promoter in Arabidopsis (Figure 4A). The AtKTN1
overexpressors exhibited a marked reduction in rosette size
and inflorescence height, and a decrease in cell length and secondary wall thickness (Figure 4), a phenotype reminiscent of that
of the fra2 mutant (Burk et al. 2001). However, overexpression
of AtKTN1 did not affect root elongation, which is different from
the fra2 mutant (Burk et al. 2001). It is interesting to note that
the stems of AtKTN1 overexpressors are often cracked along
their length (Figure 4C), which is likely a result of reduced cell
wall strength. Surprisingly, examination of cortical MT organization revealed that the cortical MTs were not fragmented by
AtKTN1 overexpression. Instead, they displayed an aberrant
organization with many converging sites (Figure 5A to D), a
phenotype similar to that seen in the fra2 mutant (Burk and
Ye 2002). The observation that AtKTN1 overexpression does
not cause fragmentation of cortical MTs in vivo suggests that
the MT lattice is protected, probably by MT-associated proteins,
from severing by katanin. There have been reports showing
that expression of MT-associated proteins suppresses katanininduced MT severing in vivo in animal cells (Baas et al. 2005;
Qiang et al. 2006). Nevertheless, overexpression of AtKTN1 led
to an alteration in cortical MT organization, indicating that a tight
regulation of AtKTN1 level is important for its normal cellular
functions.
A recent study has shown that overexpression of RFP-tagged
AtKTN1 causes random fragmentation and depolymerization
of cortical MTs (Stoppin-Mellet et al. 2006). The fragmented
MTs are often aggregated into thick bundles. This phenotype
is apparently different from what we have described above.
The difference could be due to the fact that Stoppin-Mellet
et al. (2006) co-expressed GFP-tagged MT-binding domain of
mammalian MAP4 in their overexpression study. The MAP4bound cortical MTs may not be protected by endogenous MTassociated proteins as are native cortical MTs, thus leading to
their severing by katanin. Further studies are needed to clarify
whether AtKTN1 can randomly sever MTs along their length
in vivo.

Katanin Plays Important Roles in Cellulose
Microfibril Deposition and Cell
Morphogenesis in Plants
Studies of katanin mutants in Arabidopsis and rice established
important roles of katanin in the oriented deposition of cellulose
microfibrils, cell wall biosynthesis, cell morphogenesis, and
hormonal responses. The Arabidopsis fra2 mutation has been
shown to cause an aberrant orientation of cellulose microfibrils
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Figure 4. Excess AtKTN1 causes a reduction in the expansion/elongation of cells and organs and a decrease in cell wall strength.
(A) RT-PCR analysis showing an elevated level of AtKTN1 transcript in the AtKTN1 overexpressors (upper panel). The expression of a ubiquitin gene
was used as an internal control (lower panel). Transgenic line #5 was used for further phenotypic characterization.
(B) Three-week-old plants showing an AtKTN1 overexpressor (right) with a drastic reduction in rosette size compared with the wild type (left).
(C) Six-week-old plants showing an AtKTN1 overexpressor (right) with a much shorter inflorescence stem than the wild type (left). Inset shows the
abnormal cracks (arrow) along the stem of AtKTN overexpressors, which is likely due to reduced cell wall strength.
(D, E) Transmission electron micrographs of interfascicular fibers showing a severe decrease in secondary wall thickness in the AtKTN1 overexpressors
(E) compared with the wild type (D). en, endodermis; if, interfascicular fiber. Bars, 2.5 µm.
(F, G) Scanning electron micrographs of the abaxial leaf surfaces showing the presence of fewer lobes in ordinary epidermal cells of the AtKTN1
overexpressors (G) compared with the wild type (F). Bars, 50 µm.
(H, I) Scanning electron micrographs of the epidermis of stamen filaments showing the reduced cell length in the AtKTN1 overexpressors (I) compared
with the wild type (H). Bars, 50 µm.
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Figure 5. Excess AtKTN1 results in disorganization of cortical MTs and aberrant deposition of cellulose microfibrils.
For detection of MTs, pith cells from elongating stem internodes were used for MT labeling with a monoclonal antibody against α-tubulin. Antibodylabeled MTs were detected with fluorescein isothiocyanate-conjugated secondary antibodies, and the signals were visualized with a laser confocal
microscope. For visualization of cellulose microfibrils, elongating stem internodes were longitudinally sectioned, and the cellulose microfibrils in the
innermost layer of cell walls of pith cells were observed using field emission scanning electron microscopy. Double-headed arrows indicate the
elongation axis. Bars, 20 µm in (A, B); 10 µm in (C, D); 1 µm in (E, F).
(A) Wild-type pith cells showing transversely oriented cortical MTs.
(B) Pith cells of an AtKTN1 overexpressor showing disorganized cortical MTs.
(C, D) Higher magnification of cortical MTs from (B) showing the aberrantly arranged MTs with multiple sites of MT convergence.
(E) Cellulose microfibrils in a wild-type pith cell showing their transverse orientation.
(F) Cellulose microfibrils in a pith cell of AtKTN1 overexpressors showing a dramatic change in their orientation.

in both elongating parenchyma cells and in fibers undergoing
secondary wall thickening (Burk and Ye 2002). Because cortical
MTs are believed to provide tracks for the oriented deposition
of cellulose microfibrils (Baskin 2001), the aberrant deposition
of cellulose microfibrils seen in the fra2 mutant is likely a result
of the disrupted organization of cortical MTs. The disorgani-

zation of cortical MTs and/or aberrant deposition of cellulose
microfibrils in the fra2 mutant may impede the normal cell wall
biosynthesis, thus resulting in reduced wall thickness in both
parenchyma cells and fibers (Burk and Ye 2002).
The most prominent phenotype of the katanin mutants
is the reduced cell elongation and consequent decrease in
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organ length/height (Bichet et al. 2001; Burk et al. 2001; Webb
et al. 2002; Bouquin et al. 2003; Komorisono et al. 2005). This
could be attributed to the defective cortical MT organization
and/or aberrant cellulose microfibril deposition, both of which
are known to be important for normal cell morphogenesis.
An alteration in hormonal responses and in the expression of
gebberellin (GA) biosynthetic genes was also observed in the
katanin mutants (Bouqin et al. 2003; Komorisono et al. 2005).

perinuclear envelope and mitotic spindles. Further investigation
of the functions of katanin p80 homologs in plants is expected to
further our understanding of how katanin is targeted to different
subcellular locations to exert its functions.
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